Introduction
Cu-Cr-Zr alloy is widely used for many applications such as trolley wires, electrode for resistance welding and third generation of lead frame materials and so on, because of its high strength high conductivity and corrosion resistance. It is also expected as potential heat sink material for the International Thermonuclear Experimental Reactor (ITER) divertor. 1, 2) The main problem to be solved is its thermal stability, since the heat treatment during joining procedures of divertor fabrication may cause solution annealing or overaging of the alloy. This motivated recent studies of recovery processes of the mechanical and physical properties of the ITER-grade Cu alloy after hot isostatic pressing. [3] [4] [5] Thermal aging is used to obtain high strength and simultaneously high electrical conductivity of Cu-Cr-Zr alloys. The high electrical conductivity of the alloy is due to the very low solubility of Cr and Zr in the Cu matrix, whereas, the excellent strength is attributed to precipitation and particle-dispersion strengthening. It is well known that during prime aging, the supersaturated solid solution decomposes into Zr-rich as well as finely and homogeneously dispersed Cr-and Zr-rich precipitates, which strengthens the alloy without degrading the electrical conductivity of the alloy. Kanno 6) reported that the addition of Zr to Cu-Cr alloys can improve mechanical properties at high temperatures without loss of the good electrical and thermal conductivities. However, the effect of Zr addition on the precipitation behavior is not well understood for the Cu-Cr-Zr system. 7) Furthermore, the question of chemical compositions and the structures around the precipitates in Cu-Cr-Zr also remain unresolved.
To clarify the nanostructural evolution of finely dispersed precipitates, we have employed the local electrode atom probe (LEAP) by IMAGO Science Instruments which can analyze significantly larger volumes in much shorter time compared with conventional atom probes. 8) Using this technique, we have obtained the three dimensional atom maps of Cr and Zr alloying elements and of the Fe and Si impurities. The evolution of the Cr-rich precipitates and their incorporation of the solute Zr and impurities of Fe and Si during the prime aging, and following overaging (reaging) after the prime aging are shown.
Experimental
The chemical compositions of the studied material (supplied by Outokumpu Oyj, Finland) is Cu-0.78 wt% Cr, 0.13 wt% Zr, 0.003 wt% Si, 0.008 wt% Fe.
9) The composition of Cr and Zr were adjusted in the course of fusion materials research for ITER heat sink to improve precipitation characteristics. For example, it has been found that higher content of Cr results in the formation of coarser Cr precipitates which improves the radiation resistance. 10) The specimens were prepared from tensile test specimens. The tensile test specimens were heated in a furnace at a vacuum of less than 1 mPa (10 À5 torr) and then water quenched.
11) The procedures of heat treatment are listed in Table 1 . The test specimens were solution annealed (SA) at 960 C for 3 h and then quenched, followed by prime aging at 460 C (PA) and reaging at 600 C (RA1 and RA2). To prepare LEAP specimens, thin rods (0:3 Â 0:3 Â 4 mm) were cut from the heat treated specimens with a low speed diamond wire saw. Needle like tip specimens for 3DAP analysis were prepared from the rods by the usual electropolishing in a nitric acid solution. After electropolishing, the top of the tip was further thinned to about 100 nm in diameter with Focused Ion Beam (FIB).
The 3DAP observation was performed using the LEAP 8) at the Oarai Center of Institute for Materials Research. To reduce probability of fracture of the tips during LEAP evaporation of the atomic layers, we employed field evaporation with laser pulse instead of electric field pulse. LEAP observation conditions were as follows: laser energy of 0.4 nJ, a laser-pulse repetition rate of 250 kHz, a DC bias voltage ranging from 4 to 11 kV and a specimen temperature of 50 K. The DC voltage was controlled automatically to keep the evaporation rate at the constant energy of the laser pulse. Table 2 shows the number densities and sizes of the precipitate obtained after prime aging and reaging by transmission electron microscope (TEM) observation.
11)

Results and Discussion
In the SA state, no precipitates were observed with TEM and LEAP as indicated in Table 2 . Atom maps of distributions of the solute (Cr and Zr) and impurity (Si and Fe) atoms in the heat-treated (PA, RA1 and RA2) states of the Cu-0.78Cr-0.13Zr alloy are shown in Fig. 1 . The number densities and average size of Cr (Cr-rich) precipitates in the heat treated alloy by LEAP are listed in Table 2 . They are in good agreement with those obtained from the TEM observation except for the number density in the RA2 state. Both TEM and LEAP confirmed that Cr-rich precipitates are formed in the PA state and coarsen during overaging at 600 C. The Cr-rich precipitates were reported to be in the form of thin and small platelets. 4, 11) High number density of fine Cr-rich precipitates of about 3 nm in diameter were observed by LEAP. Other than the Cr-rich precipitates, Zrrich precipitates were also observed as shown in the atom map of Zr [ Fig. 1(a) ]. 
In the RA1 state the Cr-rich precipitates were coarsened and almost spherical in shape. Zr, Si and Fe atoms segregated around the Cr-rich precipitates [ Fig. 1(b) ].
During the RA2 reaging the spherical precipitates were coarsened furthermore and Zr, Si and Fe atoms segregated in the interface regions between the precipitates and the matrix [ Fig. 1(c) ]. The average size of the precipitates increased to 20 nm in diameter. In some cases, small Cr-rich precipitates of about 2 nm in diameter were also observed [ Fig. 1(c) ], which are supposed to be precipitates in the process of dissolution as expected in an Ostwald ripening process of the precipitates. Figure 2 shows detailed atom maps around each Cr-rich precipitate in the reaged states marked by the arrows in Fig. 1 . The 2D projection of the 3D distribution of atom maps was done along the thinnest direction of the precipitate in Fig. 2(a)$(c) for the PA, RA1 and RA2 states respectively. In Fig. 2(d) , the projection was done along the arrows shown in Fig. 2(c) . In Fig. 2(a) , showing a precipitate in the PA state, Zr, Fe and Si atoms were found to be slightly segregate on the interface regions of the Cr-rich core and form an atmosphere of these atoms. Figure 3 shows the one dimensional composition profiles of Cr, Zr, Si and Fe in a precipitate in the PA state, which were obtained from the elemental analysis along the arrow in the cylindrical box of 2 nm in diameter as shown in Fig. 3(a) . The maximum concentration of Cr in the precipitate is about 40 at% [ Fig. 3(b) ]. The precipitate also includes Zr, Si and Fe as seen in Fig. 3(c) . The composition profile of Zr shows double peaks at positions corresponding to the interface region between the precipitate and the matrix. Thus, the Zr atoms are segregated around the interfaces of Cr-rich precipitates in this reaged state. In the RA1 state, not only Cr-rich core but also the Zr and Si rich interface layer grew as shown in Fig. 2(b) and Fig. 4 . The spherical Cr-rich precipitates were sandwiched between two enriched shell regions with Zr, Si and Fe. The concentration of Cr is about 100 at% at the center of the precipitates [ Fig. 4(a) ]. Concentrations of Zr and Si are about 8 at% at the interfaces, which corresponds to a chemical composition of about Cu 7 Cr 3 ZrSi. The spatial width of the shell regions was around 2 nm. Figure 5 shows the one dimensional composition profiles around the precipitate in the RA2 state. The maximum concentration of Cr at the precipitate core is also about 100 at% as in the case of RA1. The width of the enriched shell, marked by the arrow in Fig. 5(b) , is about 4 nm. However no enriched shell on the other side of precipitate indicates that the incoherence between the Cr core of the precipitates and matrix is not uniform.
Previous TEM observation of Cu-Cr alloys, [12] [13] [14] [15] suggests that elastic misfits exist between the BCC Cr precipitates and the FCC matrix. It is well known that Zr atoms segregate at grain boundaries and dislocations due to strain field and form Cu 5 Zr. 16, 17) In Cu-Cr-Zr systems, one would expect the incoherency between the Cr-rich precipitates and the matrix to increase with growth of the Cr-rich precipitates. If so, Zr and impurities of Si and Fe might segregate on the interfaces between the Cr-rich precipitates and the matrix and then, form an enriched shell on the other side which relaxes the strain induced by the misfit between the BCC Cr-rich precipitates and the FCC matrix. This explains our observation.
Conclusions
The nanostructural evolution of the Cr-rich precipitates in Cu-Cr-Zr alloys was investigated by LEAP technique; The detailed atom maps of the solutes Cr and Zr as well as the impurities are clarified.
(1) In the prime-aged state (PA: 460 C for 3 h), a high number density of the fine Cr-rich precipitates and a small density of Zr-rich precipitates were observed. These Cr-rich precipitates are supposed to be the platelike ones reported from TEM observation. (2) In the reaged state (RA1: 600 C for 1 h), the Cr-rich precipitates coarsened to an almost spherical shape, and segregation of the solute Zr and impurities of Si and Fe had took place at the Cr-precipitates. (3) In the reaged state (RA2: 600 C for 4 h), the Cr-rich precipitates showed further coarsening. In some cases Zr, Si and Fe segregated mostly at one side of the interface between the precipitate and the matrix, resulting in enriched shells of the solute and impurities. The chemical composition at the core region of the precipitates was almost pure Cr, while that of the enriched shell was about Cu 7 Cr 3 ZrSi. (4) The formation of the enriched shell at the interface region of the precipitate is ascribed to the incoherency strain between the BCC Cr-rich precipitates and the FCC Cu matrix.
